This paper studies field emission (FE) from a single carbon nanotube (CNT) fiber with different anode-cathode (AK) gap distances. It is found that the field enhancement factor depends strongly on the finite AK gap distance, due to the combination of geometrical effects and possible fiber morphology change. The geometrical effects of AK gap distance on the field enhancement factor are confirmed using COMSOL simulations. The slope drop in the Fowler-Northeim (FN) plot of the FE data in the high voltage is related to the electrical contact resistance between the CNT fiber and the substrate. It is found that even a small series resistance to the field emitter (<30% of the emission gap impedance) can strongly modify the FE characteristics in the high voltage regime, inducing a strong deviation from the linear FN plot. © 2017 Author(s).
Field emission (FE) cathodes have attracted extensive interests due to their wide range of applications, such as in high power microwave devices, 1-3 novel x-ray sources, 4 accelerators, 5 and vacuum nanoelectronics. [6] [7] [8] Carbon materials, such carbon nanotube (CNT) fibers, [9] [10] [11] [12] [13] [14] [15] have demonstrated promising properties for their use as field emitters, due to their large aspect ratios, and high electrical and thermal conductivities.
One of the key parameters to characterize field emission is the field enhancement factor, typically extracted from the Fowler-Northeim (FN) plot 16, 17 of the measured current-voltage (I-V ) curves. Many factors contribute to the effective field enhancement factor, and therefore the FN characteristics of the field emitters, such as material properties and geometrical shape of the emitter. Electric field screening by the proximity of neighboring emitters is found to have a profound effect on the field enhancement factor of the cathode. [18] [19] [20] Recently, it is shown that field enhancement factor strongly depends on the finite anode-cathode gap distance when the emitter tip-to-anode distance is comparable to or smaller than the emitter height. 8 In this paper, we study the FE characteristics of a CNT fiber emitter in different anode-cathode (AK) gap distances. We show that the field enhancement factor depends strongly on the finite AK gap distance, due to the combination of geometrical effects and possible change in fiber morphology. The geometrical effects of AK gap distance on the field enhancement factor are confirmed using COMSOL simulations. We show the slope drop in FN plot of the FE data in the high voltage is related to the electrical contact resistance between the CNT fiber and the base.
The CNT fiber was fabricated by a wet spinning technique from bulk-grown carbon nanotubes dispersed in superacides. 15 The FE current data was measured from the tip of a razor cut CNT fiber in an ultrahigh vacuum chamber whose base pressure was 5.0 × 10 9 Torr. The fiber emitter has a radius of r = 5 µm and a height of h ≈ 5 mm, which was mounted to a stainless steel sample holder with silver paint, which grounded the fiber. A stainless steel anode probe tip (7 mm diameter) was aligned with the CNT fiber, which was monitored by using two orthogonally situated cameras looking through two different windows on the chamber. One camera was equipped with a long working distance objective to accurately determine the emitter tip-to-anode distance d. The distance d was varied with integrated stepper motors capable of 2.5 µm travel per step. The voltage applied across the AK gap was controlled with a Keithley 2410 source meter. For a given distance d, the external voltage was increased from 200 to the maximum of 1000 V at a rate of 1 V per 10 s and the FE current was recorded at each voltage step using LabView control. Once a complete voltage sweep was carried out, the tip-to-anode distance d was reduced, and the data acquisition process was repeated. Five different experimental runs were performed for d = 2, 1.75, 1.5, 1.25, and 1 mm. Figure 1 shows the FE current data from the single CNT fiber at different values of the AK gap distance D, which is the sum of the fiber height h = 5 mm and the tip-to-anode distance d. In general, as D decreases, the emission current increases for a given external voltage V ext . This is due to the increased cathode electric field (∼V ext /D). More importantly, as will be discussed below, the effective electric field enhancement factor ( β eff in Eq. (1)) near the emission tip is largely increased as the gap distance D decreases, especially when the fiber tip-to-anode distance d is smaller than fiber height h, d ≤ h, as recently studied by Lin et al. 8 It is clear that in general the turn on voltage also decreases as the gap distance D decreases, as shown in Fig. 1c , which is also due to the increased cathode electric field and the increased field enhancement factor for a smaller AK gap. Note the turn on voltage here is defined as the one corresponding to the upward bending of the curve in the semi-log I-V plots (Fig. 1b) or in the FN plot (Fig. 2a) . The dependence of the turn on voltage on AK gap distance agrees with previous studies. 21, 22 As shown in Figs. 1(b) and 1(c), the I-V curve for d = 1 mm (D = 6 mm) is distinctive, with a larger turn on voltage and an upper bend near V ext = 780 V. We attribute this to the possible conditioning or damage of the CNT fiber during the previous run with d = 1.25 mm. In fact, for d = 1.25 mm, it was observed that there was a flash near the emitter tip when the applied voltage was increased to 920 V, and plasma was formed at the fiber tip at 935 V. The presence of plasma likely induced certain damage or conditioning to the CNT fiber, thus showing a different I-V characteristics at the subsequent run of d = 1 mm. As shown in Fig. 1(a) , there is a sudden drop in the emission current around V ext = 980 V for d = 1.25 mm, and around V ext = 850 V for d = 1 mm. This kind of sudden drop is attributed to the self-heating effects, which can lead to a sudden failure to emit for some of the CNTs forming the fiber. 13, 23 For d = 1 mm, the fiber failed to emit entirely, shortly after applying the maximum voltage of 1000 V. where A = 1.54 × 10 6 /W, B = 6.83 × 10 9 W 3/2 , S eff is the effective emission area (m 2 ) of the fiber, W is the work function (in eV) of the emitting surface, β eff is the effective field enhancement factor, D = h + d is the gap distance (in m) between the anode and the base of the CNT fiber cathode, which is the sum of the fiber length h and the fiber tip-to-anode distance d, and V g is the gap voltage. In the FN plot, Equation (1) no series resistance to the emitter is assumed), the measured FN data can be fitted by a straight line when the applied voltage is small, as shown in Fig. 2(a) . From the slope of these linear fitting, the effective field enhancement factor β eff is extracted, as shown in Fig. 2(b) . In all the curve fitting, a constant work function of W = 4.8 eV is assumed for the CNT fiber emitter. For a given fixed CNT fiber length (h = 5 mm), when the gap distance D decreases, the ratio D/h decreases, which will lead to an rapid increase in both the local and effective field enhancement factor for D/h < 2. As studied in Ref. 8 , this is purely a geometrical effect. Electrostatic simulations using COMSOL 25 on the local vacuum electric field at the tip center of the emitter confirms this scaling, also shown in Fig. 2(b) . The potential and electric field profiles are shown in Figs. 2(c)-(d) .
It is important to note that the effective field enhancement factor β eff extracted from the FN plot according to Eq. (1) is a different quantity from the local field enhancement factor β local = E local /E 0 , which is simply the ratio of the local vacuum electric field at the center of the tip E local over the uniform electric field far away from the tip E 0 = V g /D. Nevertheless, β eff and β local show similar scaling as a function of dimensions. The observed trend of increasing field enhancement factor with decreasing AK gap distance is in agreement with previous computational modeling 26 and experiments on CNT field emitters. 27 The drop of effective field enhancement factor for d = 1 mm and d = 1.25 mm is due to the possible change in the fiber morphology with the decreased gap, as noted in Refs. 13 and 14. The above mentioned flash and plasma observed at the larger applied field at d = 1.25 mm may have destroyed some of the sharper features on the CNT fiber, leaving CNTs with lower field enhancement factors. As observed previously, 14 after the plasma forms at the fiber tip, the fiber tip "plumes" out, thus the field enhancement factor decreases because the fiber tip is less pointy. This would also explain the increased turn-on voltage for FE the last run at d = 1 mm (Fig. 1(b) ). Note that some of the previous studies (Ref. 28 and reference therein) also reported a growing field enhancement factor with increasing AK distance for self-catalyzed GaAs nanowires. The complicated dependence of the field enhancement factor with AK distance might therefore be the result of two competing effects: geometrical effects and material effects.
When the applied voltage is high, the measured I-V curves in the FN plot cannot be fitted by straight lines, but with reduced slopes, as shown in Fig. 2(a) . The saturation region of the FN plot has been extensively studied. [29] [30] [31] [32] [33] We will show that this slope drop is probably due to the finite series resistance in the circuit of the field emitter. 29 In FE system, there is always series resistance R to the emitter when the circuit is closed. Thus, the gap voltage V g is related to the external applied voltage V ext as,
where R is the total series resistance to the emitter, I is the emission current, and Z is the lumped circuit element of impedance used to represent the field emitter gap. By solving the coupled equations (1) and (2), the results are fitted to the measured data, as shown in Fig. 3(a) . The corresponding series resistance R and the emission gap impedance Z are shown in Fig. 3(b) . Note that we have used the same β eff as in Fig. 2 , since the voltage drop across R in the low voltage regime is negligible (i.e. V ext V g ). As the gap distance D decreases, the emission gap impedance Z = V g /I drops significantly, because the emission current I increases rapidly. The series resistance R is on the order of 10 5 Ω, with a slight decrease as D decreases. It is important to note that the ratio of the series resistance to the gap impedance is very small, R/Z < 0.3 at the maximum (c.f. Fig. 3(b) ), which, however, has a strong effect on the field emission characteristics, making it deviant from a straight line in the FN plot in the high voltage regime.
The total series resistance R consists of resistance of various parts of the circuit, where the resistance of the substrate R substrate and of external circuit R ext are negligible since the stainless steel substrate and electrodes are highly conductive (with resistivity of 7.2 × 10 7 Ωm), 34 the resistance of the CNT fiber R CNT fiber = ρ CNT fiber h/πr 2 = 112 Ω, with the assumption of CNT fiber's resistivity 14 being ρ CNT fiber = 1.75 × 10 6 Ωm, length h = 5 mm, and radius r = 5µm, and R contact is the contact resistance between the CNT fiber and the substrate. Therefore, the dominate component of the series resistance in Eq. (3) is the contact resistance, R contact = R constriction + R interface , where the constriction resistance R constriction is due to the constriction of current flow lines near the base of the field emitter, and R interface is the interface resistance. [35] [36] [37] The rough estimate of constriction resistance 35 is R constriction ≈ ρ base /4r = 7.2 × 10 7 Ωm/(4 × 5 mm) = 4 × 10 5 Ω, which indicates the high contact resistance (therefore series resistance) is due to the interface resistance (i.e. R ≈ R interface ). Possible contribution to the interface resistance include resistive foreign contaminants (e.g. oxides) and tunneling resistance between the CNT fiber and the stainless steel sample holder, with the presence of nanoscale vacuum or oxide gap between them. 38, 39 In fact, the slight decrease of the interface resistance (therefore series resistance R in Fig. 3(b) ) with decreasing AK gap D is expected, if it is dominated by the interface tunneling resistance, which decreases as the current level increases. 39 The interface resistance of the order of 10 5 Ω (c.f. Fig. 3(b) ) is smaller than the typical value of contact resistance for CNT (of the order of MΩ), e.g. in Ref. 30 , indicating good electrical contact of CNT fiber to the substrate in the current experiment.
Note that the slope drop in the high voltage regime in the FN plot is usually attributed to space charge effects, 13, 40, 41 or outgassing of the field emitter. 12 When the classical Child-Langmuir law
is displayed in the FN plot, as ln(I/V 2 g ) vs 1/V g , there would be a positive slope of V g /2 (e.g. in Ref. 13 ). This is not the case in the present emission data, as shown in Figs. 2(a) and 3(a) . Thus, it is unlikely that space charge effects are the major cause of the slope drop. It was shown previously that outgassing is significantly reduced after the initial run and is negligible at higher voltages. 12 If outgassing is present to change the surface chemistry of the emitter, due to either desorption of the gas adsorbates, or the back bombardment from the ionized desorbed species, the FN data typically manifests hysteresis behavior. 12, 13 However, it is found that the I-V curves are symmetric when sweeping the voltage up and down (not shown) for the d = 1.75 mm case. Therefore, the slope drop in the FN plots of the present FE data is most likely due to the electrical contact resistance between the CNT fiber and the substrate.
In summary, we have studied field emission from a single CNT fiber with different AK gap distance. The dependence of the field enhancement factor on the gap distance is analyzed, by the consideration of both geometrical effects and possible fiber morphology change. The pure geometrical effects predicts that both the effective field enhancement factor and the local enhancement factor increase with decreasing AK gap distance, which is confirmed by numerical simulations. The decrease of the effective field enhancement factor at the small gap distance characterized is attributed to the possible fiber morphology change during the previous runs, where the sharp features contributing to field emission may be damaged by the presence of flash and plasmas near the emitter tip. The slope drop in the high voltage regime of the FN plot is studied. The FN plot is fitted very well by including a series resistance in the FN equation. The major contribution of the series resistance is thought to be from the electrical contact resistance between the CNT fiber and the substrate. Our study suggests that further improving the contact resistance, along with the electrical conductivity of the CNT fiber, would be important to achieve high field emission current. As contact resistance between the CNT fiber and the substrate is typically much higher than the resistance of the fiber itself, the majority of the Joule heating is deposited at the contact region, leading to possible degradation and to the eventual failure of the cathodes. 42 Future work will involve testing of FE at higher voltages up to 100 kV, where the improvement of contact resistance between the CNT fiber and the substrate will become even more important to the cathode lifetime. Future studies also include more detailed electron tunneling models with non-metals, and direct measurement of the work function.
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